To identify an allele-specific short interfering RNA (siRNA), against the common KRT12 mutation Arg135Thr in Meesmann epithelial corneal dystrophy (MECD) as a personalized approach to treatment.
M eesmann epithelial corneal dystrophy (MECD) is an eye disorder that is inherited in an autosomal dominant manner and is caused by point mutations in either of the KRT3 or KRT12 genes that encode keratins K3 or K12, respectively. 1, 2 It can cause foreign body sensation and photophobia or can be asymptomatic and only detected in the course of routine eye examination. Slit lamp observation often shows multitudinous microcysts within the anterior epithelium, evident even in symptomless individuals.
We recently reported a severe presentation of MECD with corneal erosions and scarring leading to significant loss of visual acuity caused by the Leu132Pro mutation in K12, suggesting a molecular mechanism for differing severity within MECD. 3 Although the K12 mutation Arg135Thr generally results in a less severe phenotype, it is the much more common MECD mutation throughout Europe. Presently the mainstay of treatment for MECD-in the more severe cases and for other corneal dystrophies-includes keratoplasty or corneal grafting. [4] [5] [6] Unfortunately, the resident mutation-containing corneal epithelial stem cell population, residing at the limbus, remains postsurgery and within a few weeks to months, corneal surface regrowth results in a reappearance of pathology associated with the mutation. To date, no therapy has been developed that addresses the underlying pathology associated with any of the corneal dystrophies.
Since its discovery, RNA interference (RNAi) has given much promise for the design of new therapy approaches based on gene silencing. [7] [8] [9] The ability to hijack the endogenous posttranscriptional gene regulatory RNAi pathway, through the use of synthetic short interfering RNA (siRNA), theoretically provides an ideal route to treat dominant-negative diseases. 10, 11 Gene silencing by siRNA is highly efficacious compared with traditional antisense methods, as the processive nature of the RNA-induced silencing complex (RISC) allows cleavage of multiple copies of the target mRNA by a single siRNA molecule. In comparison, the one-to-one ratio of binding by an antisense oligonucleotide to its target can require the cell to be saturated with a dangerously high concentration of an antisense drug. In addition, the irreversible binding to their target by traditional antisense molecules makes these systems poorly discriminating for disease alleles that differ by as little as one nucleotide. siRNAs have unprecedented potency and specificity in terms of silencing genes in a user-defined manner. Their use in sequence specific, post-transcriptional inhibition of gene expression has great potential to be developed as a novel therapeutic approach for a number of disorders where gene inhibition is predicted to be therapeutic. A few siRNAs have now entered clinical trials for diseases including age-related macular degeneration, melanoma, and viral infections with many others at preclinical development stages.
In dominant-negative or gain-of-function genetic disorders, design of allele-specific silencing reagents is required for each individual mutation. 20, 21 Most MECD patients in Europe have the common founder mutation Arg135Thr. 22, 23 Here we used a K12-luciferase reporter gene assay to systematically perform a sequence walk across the Arg135Thr point mutation in order to identify siRNAs that potently and specifically knocked down the mutant allele without any gene silencing effect on the normal wild type K12 allele. Off-target effects on closely related keratin genes were not detected. Unwanted immunostimulation of Toll-like receptor 3 (TLR3) 24 on a spontaneously immortalized cell line 25 was not found. Concurrently, the mechanism of action of the gene silencing observed was confirmed by 5 0 rapid amplification of cDNA ends (RACE). We also developed a dual tag infrared immunoblot to confirm >70% knockdown of the mutant K12 allele.
METHODS Constructs
Full-length human wild type K12 and K3 coding sequences were PCR amplified, cloned into pCR2.1 (Invitrogen, Paisley, UK) and fully sequenced as previously described. 3 Mutation Arg135Thr was introduced into the K12 cDNA clone (in pCR2.1) with a mutagenesis kit (QuickChange Site-Directed Mutagenesis kit; Agilent Technologies, Cheshire, UK), using primer pairs 5 0 -AAT CTT AAT GAT ACA TTA GCT TCC TAC-3 0 and 5 0 -GTA GGA AGC TAA TGT ATC ATT AAG ATT-3.
0
To generate luciferase reporter constructs for siRNA screening, the full length wild type and Arg135Thr mutant pCR2.1 K12 cDNA fragments described above were subcloned into psiTEST-LUC-target vector (York Bioscience Ltd., York, UK) using Not I and BamH I. A Renilla luciferase expression construct (pRL-CMV, Promega, Southampton, UK) was used as an internal control for both cell viability and transfection efficiency.
Wild type and Mutant K12 eGFP tagged constructs were made as previously described. 3 For the quantitative infrared immunoblotting assay dual-Flag/Strep-tag II, a K12 cDNA clone in pCR3.1 was used to generate a K12 wild-type FlagHA tagged clone (pKRT12-WT/FlagHA) and a K12 Arg135Thr StrepHA tagged clone (pKRT12-Arg135Thr/ StrepHA). The FlagHA (DYKDDDDK-LDGG-YPYDVPDYA) and StrepHA (WSHPQFEK-LDGG-YPYDVPDYA) tandem epitope tags were generated by introducing their corresponding nucleotide sequences immediately 3 0 of the K12 cDNA stop codon. The epitope tags were introduced using PCR where the þstrand primer sequences were 5 0 -ATT TAG GGA  TCC ATC TGC AGA ATT CGG CTT CCT TCC CCA GGC CAT GGA TCT  CTC CAA CAA CAC CAT GTC ACT-3 0 (FLAG-HA tag) and 5 0 -GTT CAG GAA ATT GAA GAA CTA ATG GAC TAC AAG GAC GAC GAT GAC AAG CTC GAT GGA GGA TAC CCA TAC GAC GTC CCA GAC TAC GCT TGA CTC GAG CTA AAT-3 0 (StrepHA tag).
siRNA Design
All siRNAs (19þ2 geometry: 19-nucleotide duplex with a 3 0 dTdT nucleotide overhang) were synthesized by MWG Biotech AG (Ebersberg, Germany). The K12 Arg135Thr mutation is a G > C change occurring at position 404 in the K12 cDNA sequence, numbering from the A in the initiating ATG codon (c.404G > C). All 19 possible siRNAs that could target this mutation were designed; the sense strands for each are listed in the Table. The sequences for positive control siRNA (siLuc) targeting the firefly luciferase gene and for the nonspecific control siRNA (NSC4; an inverted bacterial b-galactosidase sequence) are also listed in the Table.
Cell Culture
All cell lines were of human origin. AD293 embryonic kidney cells (Invitrogen) and HaCaT cells, an immortalized keratinocyte line 26 were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal calf serum (FCS; Invitrogen). The spontaneously transformed corneal epithelial cell line, HCE-S (a gift from J.T. Daniels, Institute of Ophthalmology, University College London, UK) 25 was maintained in DMEM medium (GlutaMAX; Invitrogen) with 10% FCS. Cells were incubated at 378C with 5% CO 2 and passaged following standard laboratory procedures.
Luciferase Reporter Assay and Western Blot
These assays were performed as previously reported. 3, 27 Dual Flag/Strep Tag II Quantitative Infrared Immunoblot An infrared quantitative Western blot assay was used as previously described. 28 AD293 cells were cotransfected in triplicate with 100 ng of pKRT12-WT/FlagHA and 100 ng of pKRT12-Arg135Thr/StrepHA as well as siRNA at concentrations of 0.25 nM and 5 nM using 1.25 lL of transfection reagent (Lipofectamine 2000; Invitrogen) in a final volume of 200 lL of serum-free medium (Opti-MEM; Invitrogen). Forty-eight hours after transfection, cells were processed for immunoblotting, imaged, and quantified as described previously. 28 Briefly, membranes were cut at 50 kDa to separate the K12 and b-actin protein bands. After blocking, the K12 portion was simultaneously probed with mouse aFlag and rabbit a-Strep-tag II antibodies. The b-actin portion was simultaneously probed with rabbit a-Strep-tag II and mouse a-b-actin antibodies. After washing, membranes were probed with secondary antibodies' Alexa Fluor 680 goat a-rabbit IgG (A-21,076; Invitrogen); and conjugated goat a-mouse IgG (IRDye 800 610-132-121; Rockland Immunochemicals Inc., Gilbertsville, PA), washed and scanned in the 700-nm and 800-nm channels using an infrared imaging system (Odyssey Infrared Imaging System; LI-COR Biotechnology UK Ltd., Cambridge, UK). Colored images of each membrane were generated from the 700-nm and 800-nm wavelength scans using graphics editing program (Photoshop; Adobe, Mountain View, CA).
Assessment of Off-Target Effects in HaCaT Cells
The lead inhibitor was investigated for off-target effects on other keratins. HaCaT cells, known to express a wide range of keratins, were used as described previously. 3 Cytoskeletal protein extracts were made 72 hours post-transfection as previously described. 29 
Assessment of Unwanted Immunostimulatory Effects
HCE-S cells were treated with K12-Arg135Thr-5 and NSC4 siRNA at 0.5 and 5.0 nM concentrations for 24 hours or 48 hours and cDNA assessed for toll-like receptor 3 (TLR3) activation by RT-PCR using primers 5 0 -GGG CAA GAA CTC ACA GGC CAG G-3 0 and 5 0 -AAG GGC CAC CCT TCG GAG CA-3 0 (amplicon size 147 bp). GAPDH primers 5 0 -GGA GCC AAA AGG GTC ATC AT-3 0 and 5 0 -AGC GTC AAA GGT GGA GGA GT-3 0 (amplicon size 549 bp) were used as a normalization control. As evidence of positive stimulation of TLR3, HCE-S cells were treated with an agonist (Poly(I:C) LMW TLR3; Invivogen, San Diego, CA) at concentrations of 0, 0.05, 0.5, and 5 lg/mL for 24 hours. All PCR reactions were carried out using a DNA polymerase system (GoTaq Flexi; Promega, Southampton, UK), according to manufacturer's instructions, using the following cycling conditions: 948C for 4 minutes, then 32 cycles of 958C for 30 seconds, 628C for 30 seconds, and 728C for 15 seconds, followed by 5 minutes at 728C and a 48C hold.
5
0 RACE Analysis AD293 cells were seeded at 3.5 3 10 5 in 2 mL DMEM (10% FBS) in a six-well plate, incubated for 24 hours, and transfected with 1 lg of plasmid DNA expressing K12-Arg135Thr-eGFP fusion protein using 3.3 lL transfection agent (Lipofectamine 2000; Invitrogen) in serumfree medium (Invitrogen) following manufacturer's instructions. After 24 hours, the medium was replaced and the cells transfected with siRNA K12-Arg135Thr-5 to a final concentration of 3 nM using 6 lL of transfection reagent (Lipofectamine RNAiMAX; Invitrogen) according to the manufacturer's instructions incubated for 6 hours. Total RNA was extracted using an RNA purification kit (RNeasy minikit; Qiagen, West Sussex, UK); 5 lg of RNA was used to perform a modified 5 0 RACE using an advanced RACE kit (GeneRacer; Invitrogen) following the manufacturer's instructions, with 5 0 oligo sequence (Invitrogen) ligated directly to total RNA without pretreatment. DNA amplification was carried out using the touchdown PCR protocol (Invitrogen) with a final annealing temperature of 648C and a 45-second elongation at 728C for 25 cycles in the final cycling step. Forward primer was the 5 0 primer (Invitrogen) and the reverse was a K12 gene specific primer, Race.GSP.K12.1R-5 0 -CAT ACT GCG CCC GCA TAT CAT TG-3 0 (MWG, Ebersberg, Germany). PCR products were separated on an agarose gel and the major band corresponding to the predicted 562-bp product was excised and gel purified using an extraction kit (QiaQuick Gel; Qiagen) and ligated into a plasmid vector (pCR-4-TOPO; Invitrogen) according to the manufacturer's instructions. Eleven out of 12 colonies were positive for the insert when assessed by PCR and six were sequenced (DNA Sequencing Services, University of Dundee, UK).
Cell Viability Assay
Toxicity of siRNA treatment was assessed using a cell viability reagent (PrestoBlue; Invitrogen). Six replicates of AD293 cells were seeded at 6.5 3 10 3 cells per well and transfected with mutant or wild-type K12 expression constructs and treated with K12-Arg135Thr-5 or NSC4 siRNA at a concentration range of 10 pM to 5 nM for 24 hours. The viability reagent (Invitrogen) was added to the wells following the manufacturer's instructions and incubated for 30 minutes. The optical density (OD) was measured using a 544-nm excitation filter and a 590-nm emission filter using a fluorescence plate reader (FLUOstar OPTIMA; BMG Labtech, Aylesbury, UK).
Statistics
Statistical analysis undertaken for data from the infrared immunoassay included an analysis of variance using Levene's followed by a Brown Forsythe test. Posthoc test carried out using Dunnett's C. Statistical significance was set at 0.05.
RESULTS

Design and Development of Optimal siRNA
A sequence walk was performed whereby all 19 possible siRNA inhibitors were designed to span and include the K12 Arg135Thr point mutation, 3, 27 as shown in the Table. For each siRNA inhibitor investigated, the effect on K12 firefly luciferase reporter gene expression was determined in four replicate experiments over a range of siRNA molar concentrations (0, 0.01, 0.05, 0.25, 1.25, and 6.25 nM) against the wild-type and mutant K12 constructs in AD293 cells. In each case, the data was normalized against cotransfected Renilla luciferase as a control for cell viability and transfection efficiency. Representative results are presented graphically in Figure 1 . A nonspecific negative control siRNA (NSC4-an inverted bacterial b-galactosidase sequence) had no inhibitory effect on either the wild type K12 reporter or the mutant reporters, while a known potent siRNA against firefly luciferase (siLuc), knocked down the expression of both wild-type and mutant mRNA almost equally and over a wide range of siRNA concentrations.
Allele-Specific Knockdown of K12
Of the mutant-specific siRNAs under test, some were not discriminatory, inhibiting both wild-type and mutant K12 equally and over a range of concentrations, such as K12-Arg135Thr-16, or K12-Arg135Thr-19 ( Fig. 1 ). Some test inhibitors had little or no effect on expression of either the wild-type or mutant reporter gene expression, even at high concentrations, such as K12-Arg135Thr-10 or K12-Arg135Thr- 
11. The optimal positions of lead inhibitor siRNAs was compared with our previously published K12, K5, K6a, and K9 gene walk data 3, 27, 28 and again showed no pattern to help predict optimal mutation specific siRNAs.
From the 19 inhibitors tested for K12 Arg135Thr mutant, a number were able to specifically and potently inhibit the mutant allele with little or no effect on the wild-type allele, such as K12-Arg135Thr-2, -5, -6, -8, -9, -13, and -14. Although all of these had good potential for therapeutic use, arguably the best inhibitor for further development was K12-Arg135Thr-5, where expression of the wild-type allele is not significantly knocked down, even at the highest concentrations; whereas the mutant allele is potently knocked down even at the lower siRNA concentration of 0.01 nM (Fig. 1) . K12-Arg135Thr-5 had a half-maximal inhibitory concentration (IC 50 ) of approximately 30 pM: meaning 50% knockdown of the mutant Arg135Thr allele was achieved with 30 pM of the K12-Arg135Thr-5 siRNA.
Cell viability was confirmed using a cell viability reagent (Invitrogen) on AD293 cells transfected with mutant or wildtype K12 expression constructs and treated with K12-Arg135Thr-5 siRNA or NSC4 siRNA at concentrations ranging from 10 pM to 5 nM for 24 hours. No toxicity was noted at these concentrations at this time point (data not shown).
Allele-Specific Knockdown of K12 at Protein Level
To confirm and quantify the highly differential inhibitory effect of lead siRNA at the level of protein expression, Western blot analysis was performed. AD293 cells were transfected with wild-type or mutant K12 expression constructs and treated with a number of representative discriminatory siRNAs at a final concentration of 5 nM. Nonspecific siRNA NSC4 was used as a negative control and serum-free medium (Invitrogen) alone was used as an ''untreated'' control. Western blot data confirm that a number of the siRNAs are highly potent and highly specific for this K12 mutation at the level of protein expression with almost complete knockdown of the mutant K12 protein expression and negligible knockdown of the wildtype K12 protein (Fig. 2) . Lead inhibitor (K12-Arg135Thr-5) was chosen for investigations into off-target effects on other keratins in HaCaT cells, which endogenously express a range of keratins, including K14, which is closely related to K12 in terms of sequence conservation. Stained gels (SimplyBlue SafeStain; Life Technologies, Grand Island, NY) showed no reduction on any keratins expressed in this keratinocyte cell line (Fig. 3) . In contrast, a positive control siRNA against K6a 17 knocked down K6a protein expression.
siRNA Inhibition of Mutant K12 Protein in the Presence of Wild-Type K12
One limitation of the dual-luciferase reporter assay and the Western blot described above is that they only test the ability of K12-Arg135Thr-5 siRNA to inhibit mutant allele expression in isolation and not when wild type K12 is coexpressed in the same cell. This is not representative of the endogenous cellular situation in MECD patients whereby both wild-type and mutant alleles of KRT12 are coexpressed. Since patient primary corneal epithelial cells expressing the Arg135Thr mutation were not available to test K12-Arg135Thr-5 siRNA in this scenario, a CMV promoter-driven K12 Flag-HA epitope-tagged allele (K12-WT) and a CMV promoter-driven dominant-negative mutant KRT12 Strep-HA epitope-tagged allele (K12-MUT) were generated. AD293 cells were cotransfected with equal amounts of each along with 0, 0.5, or 5 nM of NSC4 or K12-Arg135Thr-5 siRNA. A dual-tag quantitative immunoblotting assay was developed, using anti-Flag monoclonal and anti-Strep-tag II polyclonal antibodies, to confirm inhibition of K12 protein translation. Quantification of protein expression was achieved by digital integration of infrared fluorochromes linked to FIGURE 1. A comprehensive siRNA sequence walk for the K12 mutation Arg135Thr. This sequence walk shows the best siRNA was at position 5 (K12-Arg132Thr-5), which was very potent against the mutant reporter (pink line on plots) but did not significantly inhibit wild-type (blue line on plots) at concentrations as high as 6.25 nM. siRNA inhibitor K12-Arg135Thr-4 and K12-Arg135Thr-11 did not affect wild-type or mutant reporter while K12-Arg135Thr-16 and K12-Arg135Thr-19 knocked down both alleles to varying degrees. NSC4 is a non-specific control siRNA, (negative control). siLUC is an siRNA specific for luciferase (positive control).
secondary antibodies (LI-COR). NSC4 siRNA had no effect on wild-type or mutant K12 protein production at either of the concentrations tested, while the K12-Arg135Thr-5 siRNA showed approximately 70% to 80% knockdown of the mutant K12 Strep fusion protein (green bands in Fig. 4 ; P < 0.05) with no effect on the wild-type K12 Flag fusion protein (red bands in middle panel in Fig. 4) . B-actin protein expression shown in the bottom panel of Figure 4 confirmed equal loading.
Immunostimulation by siRNAs
To investigate the immunostimulatory effect of adding exogenous double-stranded RNA to cells in the form of short synthetic therapeutic siRNAs, the main mediator involved in the immune response to viral RNA was assessed. RT-PCR primers were designed to assess TLR3. HCE-S cells were treated with lead K12-Arg135Thr-5 siRNA at 0.5 and 5 nM for 24 hours or 48 hours (Fig. 5) . A synthetic analog of dsRNA (Invivogen) was used as a positive control for immunostimulation of TLR3 in HCE-S cells. RT-PCR showed increased levels of TLR3 in the presence of the agonist while no obvious increase was noted with siRNA treatment at the times and concentrations assessed. An earlier time point of 6 hours was also assessed and no obvious increase in TLR3 was seen (data not shown).
5
0 RACE Determination of mRNA Cleavage Site
To confirm the observed mutant K12 knockdown was due to siRNA-mediated cleavage, AD293 cells transiently expressing K12 Arg135Thr mutant protein were treated with 3 nM siRNA K12-Arg135Thr-5 for 6 hours. Total RNA was extracted and subjected to a modified 5 0 RACE technique. [30] [31] [32] Cleaved mRNA was separated from total RNA by ligating an adapter oligo (Invitrogen) to RNA with free, cleaved 5 0 ends. Further selection for K12 specific cleaved mRNA was achieved by PCR using a K12 specific reverse PCR primer. K12 specific PCR products were ligated into the plasmid vector (Invitrogen) for sequencing. Sequencing showed that the adapter oligo (Invitrogen) had ligated to the 5 0 end of the cleaved K12 mRNA at the predicted position indicative of siRNA-RISC mediated cleavage between nucleotides 398 and 399 of the K12 mRNA coding sequence (Fig. 6 ).
DISCUSSION
RNA interference (RNAi) is an ideal approach to treatment of diseases like MECD where heterozygous single nucleotide mutations present in a dominant negative manner. In the field of keratin disorders affecting the skin and cornea, we have previously shown that it is possible to design short interfering RNAs (siRNA) which specifically and potently knockdown a mutated allele while having negligible impact on the wild-type allele. 3, 8, 17, 27, 28 We hypothesize this approach is clinically valid with complete or partial (ca. 50%) knockdown of the mutant FIGURE 2. Differential inhibition of mutant K12 protein versus wildtype by allele-specific siRNAs in cultured cells. AD293 cells were transfected with wild-type or mutant K12-eGFP construct and each of the siRNAs: K12-Arg135Thr-5, -6, -8, -9, -13, and -14 at a final concentration of 5 nM. To confirm the highly differential inhibitory effect of K12-Arg135Thr siRNA on mutant K12, Western blot analysis was performed. When cells were treated with K12-Arg135Thr-5, the mutant K12-eGFP was almost completely knocked down, while expression of wild-type K12 construct treated with the same siRNA showed a negligible reduction compared with NSC4 treatment. Wt, wild type; mut, mutant. FIGURE 3. Lack of off-target silencing of other keratins by lead inhibitor K12-Arg135Thr-5. Staining (Life Technologies) of cytoskeletal protein extracts from HaCaT cells revealed allele specific K12-Arg135Thr-5 siRNA had negligible effect on endogenous keratins expressed in the HaCaT cell line, most notably K14, which is closely related to K12 in terms of sequence conservation. In contrast, a positive control siRNA directed against wild-type K6a demonstrated a dramatic decrease in K6a expression. Nonspecific control siRNA NSC4 had no effect on keratin protein expression profile.
allele allowing restoration of a normal phenotype. Cao and colleagues observed no epidermal fragility when the mutant to wild-type expression ratio of K14 in a transgenic mouse model was 1:2.
33,34 The first-in-human trial for siRNA, aimed at dominant K6a mutation causing the skin disorder pachyonychia congenita, confirmed that epidermal lesions reduce in size over time with mutation-specific siRNA treatment. 35 Here we have extended this approach to the design and validation of allele-specific siRNAs targeting the common founder mutation in MECD, specifically Arg135Thr in the KRT12 gene.
1,23 Using a dual luciferase reporter gene assay and siRNA sequence walk approach, 3 we tested all 19 possible siRNAs targeting the K12 Arg135Thr mutation and identified six mutant specific siRNAs, namely K12-Arg135T-5, -6, -8, -9, -13, and -14 (Fig. 1) ; of these, K12-Arg135Thr-5 exhibited the highest potency with a halfmaximal inhibitory concentration (IC 50 ) of approximately 30 pM, on a par with the best small molecule drugs. All mutantspecific siRNAs identified were then screened by western blot for their ability to specifically knockdown exogenously expressed K12 Arg135Thr protein (Fig. 2) . K12-Arg135Thr-5 was chosen as lead inhibitor to be taken forward for further validation. With no primary corneal epithelial cells expressing the Arg135Thr mutation available we needed to create a model system to replicate endogenous conditions where the siRNA inhibitor would be required to knockdown mutant mRNA in the presence of its wild type counterpart, a dual tag Flag-Strep Tag II quantitative infrared immunoblot assay was used to assess siRNA specificity. Here wild type K12-Flag and K12 Arg135Thr-Strep tagged proteins were exogenously co-expressed in AD293 cells and treated with lead inhibitor K12-Arg135Thr-5; PAGE-resolved protein extracts were assessed by infrared immunoblot assay and the results concurred with our previous assays; the K12 Arg135Thr mutant protein is specifically knocked down by approximately 70% to 80% in the presence of wild-type K12, which was unaffected (Fig. 4) . Taken together these data confirm that in K12-Arg135Thr-5 we have identified a potent, specific siRNA targeting the K12 Arg135Thr mutant.
We predict that using similar methodology mutant-allelespecific siRNAs can be identified for the vast majority of MECD causative mutations in the keratins K3 and K12. 8, 36 This methodology could similarly be taken forward to identify , were used to quantify siRNA inhibition specificities and potencies. Mean relative abundances (n ¼ 9) are shown and error bars indicate signal intensity standard deviations. Approximately 70% to 80% knockdown of the mutant allele was noted at both concentrations of siRNA assessed and no knockdown was noted with the NSC4 negative control siRNA (P < 0.05). An earlier time point of 6 hours was also assessed and no obvious increase in TLR3 was noted (data not shown). mutation specific siRNAs aimed at the more clinically significant TGFBI gene (formerly known as BIGH3), responsible for many severe forms of corneal dystrophy. [37] [38] [39] Like the keratins, the majority of TGFBI mutants exhibit with a dominant-negative pathomechanism making this allele specific approach similarly relevant.
One important caveat of siRNAs is off-target effects. 11 Firstly unrelated genes with similar target homology could potentially be targeted for knockdown by the siRNA. We have demonstrated that the K12-Arg135Thr-5 siRNA does not target the wild-type allele, this differing only by a single nucleotide from the mutated allele, thus effects against unrelated targets are unlikely, however we used HaCaT epithelial cells to initially confirm that keratins with close sequence homology to K12, notably K14, were not affected by K12-Arg135Thr-5 siRNA treatment (Fig. 3) . Further in-depth study into the global effects of the siRNA treatment is planned in future in vitro and in vivo studies. A second consideration is that with siRNAs being short double-stranded RNA (dsRNA), they could potentially trigger an innate immune response via activation of TLR3 in an attempt to protect against suspected pathogen-derived RNA. Human corneal and conjunctival epithelial cells are known to express TLR3 and recent studies in the retina suggest that siRNA treatment results in sequence independent activation of TLR3 and activation of an interferon response, with this TLR3 response misinterpreted as an siRNA specific effect. 24, 40, 41 Here, though MECD has no immunological related etiology and a TLR3 response cannot be mistaken for an effective siRNA therapy, it nevertheless required further investigation. Therefore, we assessed the effect of our lead siRNA on HCE-S cells, a spontaneously immortalized human corneal cell line. 25 Semiquantitative RT-PCR showed no obvious TLR3 activation for treated cells, with a specific TLR3 agonist confirming presence and ability to activate this toll-like receptor (Fig. 5) . Future work will assess these effects more fully on primary cell lines. Thirdly, we confirmed a siRNA-RISC-mediated mechanism of mutant allele knockdown using a modified 5 0 RACE assay to identify the predicted cleavage products of the K12-Arg135Thr-5 guide strand. Finally, cell viability was assessed throughout all experimentation using a resazurin-based assay and no evidence of cell toxicity was observed at any of the concentrations tested. In combination, these data provide evidence that unwanted off-target effects have been minimized, though further in vitro patient corneal epithelial cell line and in vivo experimentation on an intact ocular surface will be required to fully assess all possible off-target effects, immunological or otherwise. Beneficial to this cause is the superb potency of the K12-Arg135Thr-5 siRNA, allowing lower concentrations to be employed, minimizing potential RISC saturation and other offtarget effects associated with having to use high concentrations of siRNA. Further preclinical assessment featuring good manufacturing practice production and toxicology assessment would fully pave the way for a clinical application.
The identification of siRNAs that specifically target a gene or allele is only one hurdle that must be overcome for these molecules to be of benefit therapeutically. Although it is already a great advantage that siRNAs are closer in size to a small molecule drug than gene therapy vectors, many challenges must yet be overcome to allow their delivery to their target cellular compartments. The natural respective negative charges of the siRNA backbone and the phospholipid bilayer of each cell membrane, through which they must pass, make this a challenge that has resulted in great international efforts from both academic and industrial research groups alike, with many approaches being investigated. 42, 43 Given their transient mode of function and the long-term necessity for repeated application, an efficient delivery system is key to the therapeutic success of siRNA. Ideally, we envisage that for symptomatic forms of MECD, siRNA would be applied topically on a long-term basis in the form of eyedrops; the more severe corneal dystrophies associated with TGFBI, however, may require surgical graft intervention to clear aggregate build-up FIGURE 6. 5 0 RACE verifies siRNA-mediated cleavage at the predicted site on K12 mRNA. K12 specific mRNA cleavage products of AD293 cells exogenously expressing K12-Arg135Thr and treated with 3 nM siRNA K12-Arg135Thr-5 were assessed by a modified 5 0 rapid amplification of cDNA Ends (5 0 RACE). The oligo adapter (Invitrogen) was ligated to the free 5 0 end of cleaved mRNA products. K12 specific cleaved mRNAs were selected by PCR amplification with a K12 gene specific primer. The major K12 specific PCR product was purified, ligated into a plasmid vector (Invitrogen) and sequenced. Sequencing shows that the major product had the adapter (Invitrogen) ligated to the 399th nucleotide of the K12 CDS, this corresponds to the predicted cleavage site between nucleotides 10 and 11 of the hybridized guide strand of siRNA K12-Arg135Thr-5.
followed by mutation-specific siRNA to assuage their reoccurrence.
In more general terms, the cornea provides a highly attractive target tissue for siRNA therapy in terms of optimization of delivery strategies. With its anterior epithelium a thin, stratified but noncornified four-cell layer, delivery should be easier than in the epidermis where the stratum corneum provides additional challenges. The cornea is therefore ideal as a proof-of-concept tool for translation of siRNA therapy into clinical practice, being so small, easily accessible, and with disease status easily monitored by external examination. With TGFBI disorders generally taking longer to exhibit, making cell culture and animal modeling more of a challenge, the rapid turnover of keratin aggregates and the anterior corneal epithelium, 44 make MECD a more relevant model for rapid assessment of the efficacy of siRNA treatment in vivo.
We have now identified highly potent and specific siRNA therapy reagents that target MECD-causing K12 mutations Arg135Thr and Leu132Pro; the next step will be assessment of lead inhibitors in clinically relevant mouse models, monitoring the efficacy of siRNA delivery and function in combination with more detailed assessment of off-target effects. siRNAs, coupled with a suitable delivery system, have great potential for treating corneal dystrophies.
